Introduction
Low-melting glasses have a wide range of applications and are essential to providing hermetic sealing in many applications including electronic, semiconducting, optical and photovoltaic devices, amongst many others [1] [2] [3] [4] . Some of the lowest-melting and lowest-sealing temperature glasses, often referred to as solder glasses, were traditionally based on the lead borate system [1] [2] [3] [4] . Freiser [2] noted that the viscosity-temperature profile of solder glasses should be such that the "preferred zone" of viscosity enabling viscous flow of the solder glass, should leave the work piece (metal or glass) unaffected. Takamori [3] considered solder glasses on the basis of their thermal expansion coefficient. However, in recent years legislation has effectively banned the use of lead in sealing glasses [1] and in many other glasses, and manufacturers continue to search for alternative, lead-free sealing glasses capable of delivering low sealing temperatures and acceptable thermal expansion behaviour.
Other low-melting borate glasses include alkali borates [5] [6] [7] [8] and in order to access glass transition temperatures, T g , of < 573K, alkali borate glasses with high alkali contents are required [6] . However, such high-alkali glasses display high thermal expansion coefficients (15 -25 x 10 -6 K -1 ) [6] , which will render them unsuitable for some sealing applications. Lower alkali borate glasses exhibit T g 's of ca. 623 -723 K [8] . Binary alkaline earth borate glasses and ternary alkali-alkaline earth borate glasses exhibit even higher values of T g , as discussed by Wozniak and James [9] . Furthermore, alkali borate glasses exhibit poor chemical durability and are therefore less attractive as potential lead-free sealing glasses. Zinc in borate sealing glasses has also received considerable attention [1] [2] [3] [4] , however, ZnO was traditionally a third component in B 2 O 3 -PbO glasses and comparable high-zinc glasses in the binary B 2 O 3 -ZnO system typically exhibit higher T g 's > 773 K, too high for some sealing applications.
One family of glasses that may be capable of replacing lead with a non-toxic alternative in some applications occurs in the B 2 O 3 -Bi 2 O 3 system. In his recent, very thorough review of bismuth-containing glasses Maeder [1] noted that Bi 2 O 3 "appears a quite promising drop-in replacement for PbO" but "the somewhat lower fluxing ability…..leads to higher processing temperatures". Despite this, bismuth-rich low temperature sealing glasses have been successfully developed [10] [11] [12] . Bismuth borates have been stated to form transparent glasses over a particularly wide range of Bi 2 O 3 contents, from 20 to 85 mol% [13] . Bajaj et al. [13] undertook a detailed investigation of the structure and properties of glasses in the system xBi 2 O 3 -(100-x)B 2 O 3 where x = 20 to 66 (mol %), and noted the interest in this system for non-linear optics.
Shaaban et al. [14] studied glasses with compositions xBi 2 O 3 -(100 − x)B 2 O 3 where x = 35 to 60 mol%. They carefully characterised thermal properties, crystallisation behaviour and structure, demonstrating that thermal stability decreased with increasing Bi 2 O 3 content.
A wide range of additional components to the B 2 O 3 -Bi 2 O 3 glass system has been studied previously, as summarised by Maeder [1] . However, a dopant that has received relatively little attention, particularly in the context of high-bismuth sealing glasses, is iron. Dumbaugh [15] showed that the binary system 40.0). These glasses exhibit unusual magnetic behaviour which they explained in terms of coexisting spin glass phases and magnetic clusters. Another application area of interest in highbismuth glasses is for radiation shielding / dosimeter applications, and these have also received recent attention [23 -24] . The presence of boron and bismuth could enable potential applications in the nuclear arena, due to the high absorption cross-section for thermal-neutrons (B) and γ-radiation (Bi). In terms of iron-free bismuth borate glasses, Yawale and Pakade [25] 
Experimental Procedures
Batches to provide 50g of glass were produced using the reagent-grade chemicals boric were noted, within the uncertainties of the instrument. The temperatures T g (glass transition temperature), T x (onset crystallization temperature) and T c (crystallization peak temperature)
were determined from the corrected DTA traces, which are shown in Figure 2 . The extracted T g , T x and T c temperatures are given in Table 1 Uncertainties associated with each of the above measured parameters (+/-3K) were estimated from repeat measurements of the same sample and temperature calibration of the instrument using a standard. Thermal stabilities and glass-forming abilities of the glasses were estimated using three different methods: ΔT = (T x −T g ) [28] ; S = (T c −T x ) (T x −T g )/(T g ) [29] ; and the Hrubý parameter, K gl = (T x −T g ) / (T m −T x ) [30] . Figure 3 shows T g and ΔT = (T x −T g ) as functions of nominal Fe 2 O 3 content.
Dilatometry was carried out using a Netzsch Expedis Select dilatometer at a heating rate Table 1 . Uncertainties associated with measured T d (+/-3K) were estimated from repeat measurements of the same sample and temperature calibration of the instrument using a standard.
Fourier-Transform Infra-Red (FT-IR) spectroscopy was carried out using a Nicolat Nexus 470 FT-IR spectrometer. Powdered glass samples were mixed with dry KBr and pressed into pellets using a pellet press, for transmission measurements. Spectra were recorded between 600
and 1800 cm -1 , and are shown in Figure 4 .
Raman spectroscopy was carried out using a Thermo Scientific DXR2 spectrometer with a depolarised 10 mW 532 nm laser, on bulk samples of all glasses, between 200 and 2000 cm −1 .
Calibrations with the proprietary Thermo alignment tool were carried out before, during and after each sample measurement. Spectra were baseline-corrected and are shown in Figure 5 and key
Raman band assignments associated with the spectral features are summarised in Table 3 . There is a strong damping effect, such that most spectral features were increasingly suppressed upon increasing Fe 2 O 3 content of the glasses. The spectra shown in Figure 5 have thus been progressively amplified in order to illustrate spectral features, which explains the progressively lower signal-to-noise (S/N) ratio with increasing Fe 2 O 3 content of the samples.
Transmission 57 Fe Mössbauer spectroscopy measurements were carried out using acrylic absorber discs with a sample area of 1.767 cm 2 . These were loaded with sample to present 2.16 × 10 −3 g cm −2 of Fe to achieve a Mössbauer thickness of 1. Sample weights of 0.013 g were homogeneously mixed with graphite to achieve this level of loading. The 14.4 keV γ-rays were supplied by the cascade decay of 25 mCi 57 Co in Rh matrix source, oscillated at constant acceleration by a SeeCo W304 drive unit, and detected using a SeeCo 45431 Kr proportional counter operating with 1.745 kV bias voltage applied to the cathode. All measurements were carried out at room temperature over a velocity range of ±4 mm s −1 , and were calibrated relative to α-Fe foil. Spectral data were fitted using the Recoil software package [31] , using Lorentzian line shapes. The low S/N obtained for each sample was caused by strong absorption of incident gamma-rays by the sample (due to very high bismuth contents). Long collection times of up to 3 weeks were required for each sample, and consequently spectral fitting was limited to a single doublet for each spectrum. Attempts were made to fit two doublets, however, these resulted in no significant improvement in reduced ² for each fit and were consequently discarded in favour of single-doublet fits. (± 0.01)
Results
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K gl [30] T Differential Thermal Analysis (DTA) traces, shown in Figure 2 , and the extracted and calculated thermal parameters given in Table 1 , depict clear trends in T g , the glass transition temperature; in T x , the onset crystallisation temperature, and in T c , the peak crystallisation temperature, for this series of glasses. T g , T x and T c all increase with increasing nominal Fe 2 O 3 content, but T, the temperature difference between T x and T g (T = T x -T g ), varies with glass composition.. This behaviour is tabulated in Table 1 and shown graphically in Figure 3 for T g and the temperature difference between T x and T g (T = T x -T g ). Nominal Table 2 summarises FT-IR and Raman band assignments and provides supporting references.
Mössbauer spectra ( Figure 6 ) and accompanying fitted parameters (Table 3) 
Discussion
Other researchers [25] [26] [27] [26] illustrated the difference between "the crystallisation temperature T x " and onset T g . In the absence of any description by Stehle et al. [26] as to whether their "T x " refers to onset crystallisation temperature (T x in this study) or crystallisation peak temperature (T c in this study), we have assumed, by comparison with our data, that their "crystallisation temperature T x " is the crystallisation peak temperature (T c in this study Figure 5 ), shows only the band at 720 cm -1 being incorporated into the stronger background occurring at low Raman shifts, and a small change in the relative intensities of the two overlapping Raman bands at 1180 cm -1 and 1280 cm -1 , which manifests as a change in the overall peak profile in this spectral region.
The splitting of both the high-frequency IR band and the high-Raman shift band into bands at 1180 and 1280 cm -1 can be observed in the data of several authors [14, 17, 18, 33, 34, 35, 36, 43, 44] . However, few have specifically discussed this band splitting. It was discussed by
Kotkova et al. [43] , who also observed band splitting for PbO-Bi 2 O 3 -B 2 O 3 glasses with high (Pb+Bi) contents. They noted that the band at 1180 cm -1 is often stated to indicate of the presence diborate groups, but that it is unlikely that diborate groups form at such high modifier contents. They attributed both Raman bands, at 1180 cm -1 and 1280 cm -1 to trigonal borate groups. However, others have attributed the band at 1180 cm -1 to tetrahedral borate groups [18, 34] . Assuming this is the correct assignment in the case of our glasses, then our results suggest a modest increase in the [3] B 3+ / [4] B 3+ ratio with increasing Fe 2 O 3 content. However, as previously noted, evidence from other studies indicates that the large majority (> 80%) of the boron in our glasses is likely to be trigonally-coordinated [3] B 3+ , so further research would be required to confirm the abundance of tetrahedral [4] (clustering) will also be present in these glasses due to their high iron contents. Such behaviour has previously been observed for other borate glasses with lower Fe 2 O 3 contents than studied here [54, 55] and recently, Akamatsu et al. [22] , who studied glasses with closely similar compositions to ours, showed that magnetic clusters become more significant as Fe 2 O 3 content increases. They also used transmission electron microscopy to show that the magnetic clusters were not nanocrystals but were an Fe-rich amorphous phase. This suggests that sub-nanophase separation occurred in their glasses and, owing to the close compositional similarities between our glasses and those of Akamatsu et al. [22] , we can surmise that it may have also occurred in the Fe-doped glasses studied here.
Conclusions
Glasses with nominal molar composition 20B 
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